Background: Crassulacean acid metabolism (CAM), a specialized mode of photosynthesis, enables plant adaptation to water-limited environments and improves photosynthetic efficiency via a carbon concentrating mechanism. Kalanchoë fedtschenkoi is an obligate CAM model featuring a relatively small genome and easy stable transformation. But the molecular responses of regulation by light quality and intensity in CAM plants is still unknown. Results: Here we present a genome-wide expression atlas of K. fedtschenkoi plants grown under 12h/12h photoperiod with different light quality (blue, red, far-red, white light) and intensity (0, 150, 250 and 1000 μmol m-2 s-1) based on RNA-Seq performed for mature leaf samples collected at dawn (2-h before the starting of lighting period) and dusk (2-h before the dark period). An eFP web browser was created for easy access of the gene expression data. Based on the expression atlas, we constructed a light-responsive co-expression network to reveal the potential regulatory relationships in K. fedtschenkoi. Furthermore, CAM-related sub-networks were highlighted to showcase genes relevant to CAM pathway, circadian clock and stomatal movement. Conclusions: This study provides a novel genomics resource for investigating the molecular mechanism underlying the light regulation of physiology and metabolism in CAM plants.
3 Background 50 Sunlight is a critical energy resource for plant growth and development, which function as an 51 important input signal for circadian clock, stomatal movement and photosynthesis pathway. The 52 light spectra that affect plant photosynthesis are UV-A/blue, red and far-red lights [1, 2] . Blue light, 53 with wavelength of 400 to 500 nm, has relative higher energy than red light (wavelength from 600 54 to 700 nm) and far-red light (wavelength above 700 nm) [1, 3] . There are three types of 55 photoreceptors (i.e., cryptochromes, phototropins, phytochromes that perform important roles in 56 plant light response [2, 4] . Cryptochromes and phototropins have been identified as important 57 photoreceptors of UV-A/blue light [2, 5, 6] . Phytochromes are known to play a role in detecting 58 red and far-red spectra [2, 7] . In addition to the light quality, light intensity is another essential 59 factor that affects plant growth and development, where both too much light or low light intensity 60 can cause stress, including serious damage to photosynthetic apparatus under excess light exposure 61 and limited photosynthetic activity with insufficient light input [8] [9] [10] . 62 Plants using crassulacean acid metabolism (CAM) pathway for photosynthesis show enhanced 63 water-use efficiency (WUE) and heat/drought stress tolerance in comparison with C3 and C4 64 photosynthesis plants [11, 12] . CAM pathway that regulated by circadian clock has two major 65 features: (1) a carboxylation process that takes place at night where stomata are open for nocturnal 66 CO2 fixation and accumulation of malic acid in the vacuole and (2) a decarboxylation process that 67 occurs during the daytime where CO2 is released from malate for refixation via ribulose-1,5-68 bisphosphate carboxylase/oxygenase (RuBISCO) mediated photosynthesis, along with the stomata 69 closure for reduced water transpiration [11, 13, 14] . Kalanchoë fedtschenkoi is a model dicot CAM 70 species, featuring a relatively small genome and a facile stable transformation system [11, 15] . The 71 genome of K. fedtschenkoi was recently sequenced and annotated [13] , providing a foundation for 72 CAM genomics research. Through comparative and evolutionary genomics analyses, Yang, Hu 73 [13] revealed convergent signatures in diel gene expression pattern and protein sequences 74 underlying independent emergences of CAM from C3 ancestor, providing new insights into CAM 75 evolution. But the complex regulatory mechanisms of CAM pathway under various light 76 conditions are still largely unknown. 77
The temporal separation of C3 and C4 carboxylation processes that defines CAM provides 78 plasticity for optimizing carbon gain and water use in response to changing environmental 79 4 conditions by extending or curtailing the period of net CO2 uptake over a 24 h period [16] . Light 80 intensity (photosynthetic photon flux density, PPFD) and light quality are critical factors for 81 determining the magnitude of CAM which implies cardinal roles for the light reactions of 82 photosynthesis and for different photoreceptors in achieving metabolic and circadian 83 synchronization of carboxylation processes across the diel cycle. In some facultative CAM species, 84 high light intensity can trigger the switch from C3-photosynthesis to CAM, which is mediated by 85 a UV-A/blue light receptor [17] . Metabolic and physiological adaptation in constitutive CAM 86 species plants to light quantity and quality has been reported previously [18] [19] [20] [21] . For instance, 87 Ceusters, Borland [18] To address these limitations, we performed transcriptome-sequencing (RNA-Seq) of mature K. 102 fedtschenkoi leaf samples collected at dawn (i.e., 2-h before the starting of lighting period) and 103 dusk (2-h before the dark period) from plants grown under 12h/12h photoperiod with different 104 light quality (i.e., blue, red, far-red, white light) and intensity (0, 150 and 1000 μmol m -2 s -1 ). 105
Based on our analysis of the RNA-Seq data, we generated a comprehensive light-responsive gene 106 expression atlas for this obligate CAM species. We also constructed a genome-wide co-expression 107 network based on the light-responsive gene expression atlas. As the first light-responsive gene 108 atlas and co-expression network for CAM plants, this study provides unprecedented novel 109 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 genomics resource for investigating the molecular mechanism underlying the light regulation of 110 biological processes in CAM plants. 111 112 Data Description 113 A total of 42 libraries (7 light conditions × 2 time points × 3 biological replicates) were constructed 114 and performed RNA-seq independently. In total, we obtained ~138 Gb of high-quality data from 115 the 42 libraries, with an average size of ~3.28 Gb per library ( Supplementary Table S1 ). 116 117 Analyses 118
Light-responsive expression atlas for K. fedtschenkoi 119
To obtain a comprehensive light-responsive gene-expression atlas of the CAM plant K. 120 fedtschenkoi, we cultured plants under control condition (white light with 250 μmol m -2 s -1 121 intensity), various light quality including blue light, red light, far-red light, and different light 122 intensity, including dark grown, low light intensity and high light intensity ( Supplementary Table  123 S1). As CAM pathway is regulated by circadian clock, we compared if circadian rhythm-related 124 processes were also affected by different light conditions. The samples were collected at two time 125 points [dawn (2 h before light period) and dusk (2 h before dark period)] for each light condition. 126
To provide easy access to the expression data, we created a Kalanchoë light-responsive eFP 127 browser instance (http://bar.utoronto.ca/~asher/efp_kalanchoe/cgi-bin/efpWeb.cgi), which 128 provides a color-coding tissue visualization in an image corresponding to the average gene 129 expression level ( Fig. 1) . 130
According to the correlation analysis of the biological replicates, four obvious outlier samples 131 (i.e., white light dusk rep 2, red light dawn rep 2, far red-light dusk rep 3 and dark grown dusk rep 132 1) were excluded for further analysis. And the expression distribution of the left 38 libraries was 133 similar ( Supplementary Fig. S1 ). The Pearson correlation analysis and principle component 134 analysis showed that the biological replicates of each treatment group were closely clustered, 135 indicating the high reproducibility and reliability of our RNA-seq data ( Fig. 2 Fig. S1). The principal component 1 (PC1) and PC2 explained 31.2% and 27.8% of the variance 137 in the expression data, respectively. As expected, the samples collected at dawn and dusk were 138 grouped separately under different light quality and light intensity except dark grown (two dash 139 line ellipses in Fig. 2b ) and the expression variation of samples under various light conditions were 140 stronger at dawn than that at dusk. 141
Differentially expressed genes (DEGs) regulated by light quality and light intensity 142
As shown in Fig. 2a , we performed a transcriptomic comparative analysis for screening of 143
DEGs by using two different strategies, i.e., time comparison and light condition comparison. The 144 time comparison was defined as the comparison between two samples collected at two different 145 time points (i.e., dawn and dusk) under each light condition, i.e., dusk-vs-dawn (comparisons C1_1 146 to C1_7, Supplementary Table S2 ). The light condition comparison reflects a comparison between 147 treatments and control at the same sample collection time point, i.e., blue light/red light/far-red 148 light-vs-white light at dawn or dusk (comparisons C2_1 to C2_6) for light quality and low 149 light/high light-vs-normal light condition (white light, control) at dawn or dusk (comparisons C3_1 150 to C3_6) for light intensity, respectively ( Fig. 2a and Supplementary Table S2 ). 151
Under normal light condition (white light, control), 5925 DEGs were identified between dusk 152 and dawn. Of these DEGs, 3257 and 2668 genes were down-and up-regulated, respectively, at 153 dusk compared to dawn (C1_1 in Fig. 2 ). For different light quality, the DEG number between 154 dusk and dawn were increased under blue light (6697 DEGs) and far-red light (6200 DEGs) but 155 reduced under red light (4909 DEGs). For different light intensity, both the low intensity and high 156 intensity enhanced the gene differential expression between dusk and dawn. Compare to white 157 light, the DEG number was 1.66-fold (9813/5926) and 1.27-fold (7514/5926) higher under low 158 intensity and high intensity, respectively, and the induction of up-regulated DEGs (1.89-fold and 159 1.50-fold, respectively) was stronger than that of down-regulated DEGs (1.46-fold and 1.08-fold, 160 respectively). Interestedly, under dark grown condition, only 908 DEGs (591 up and 317 down) 161 were identified between dusk and dawn, which was significantly less than that under various light 162 conditions ( Fig. 2a and Supplementary Table S2 ). 163
Under different light spectrum, a total of 2669 DEGs between dusk and dawn were shared by 164 the four light types (i.e., white light, blue light, red light and far-red light), indicating these genes 165 Light condition comparisons were based on differences between dawn and dusk ( Fig. 2a ). at dawn were greater than that at dusk (C2_4 and C2_6, respectively). Only a few DEGs (701 up 178 and 595 down) were identified at dawn under red light (C2_2) (Fig. 2d ). For the light intensity 179 experiment, numerous genes were differentially expressed under dark grown at both dawn and 180 dusk. The number of DEGs was significantly greater at dawn than dusk under both low light and 181 high light conditions, and the number of up-regulated genes were greater than that of down-182 regulated genes at dusk ( Fig. 2e) . 183
Although the DEG number in most light quality comparisons were greater at dawn than that at 184 dusk, the overlapped DEGs were fewer at dawn (732 common DEGs, Fig. 3c ) than dusk (1102 185 common DEGs, Fig. 3d ) under different light quality. In contrast, the light quality-specific DEGs 186 were greater at dawn than dusk under blue light and far-red light. For different light intensity, more 187 than half of the DEGs under low light and high light were shared at both dawn and dusk ( Fig. 3e,f) . 188
Predicted function of DEGs 189
To explore the functional differences of DEGs induced by various light quality and light 190 intensity treatments, we performed a gene ontology (GO) enrichment analysis of common and 191 light-specific DEGs in response to the light treatments according to the three major GO categories 192 of biological process, molecular function, and cellular component ( Fig. 3g ; Supplementary Fig.  193 S2-S4; Supplementary Table S3 ). Among the DEGs between dusk and dawn, the 2699 DEGs that 194 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 overlapped across different light quality treatments ( Fig. 3a) were enriched in "carbohydrate 195 metabolic process", "lipid metabolic process", "metabolic process" and "signal transduction"; 196
whereas the 3143 DEGs that overlapped across different light intensity treatments were enriched 197 in "carbohydrate metabolic process" and "response to endogenous stimulus" (Fig. 3g ). When 198 comparing the common DEGs in different light quality or light intensity at dawn and dusk 199 separately ( Fig. 3c-f ), we found that "generation of precursor metabolites and energy" term was 200 enriched in all the four common DEGs sets of different light quality and light intensity at both 201 dawn and dusk. In contrast, "photosynthesis" term was enriched in common DEGs of light quality 202 at dusk and common DEGs of light intensity at both dawn and dusk ( Fig. 3g ). While "carbohydrate 203 metabolic process" term was only enriched at dusk time point of different light quality and light 204 intensity ( Fig. 3g ). 205
For condition-specific DEGs at different time points or different light conditions, 206 "photosynthesis" term was strongly enriched in dusk-vs-dawn DEGs in red light-specific and high 207 light-specific from light quality comparison and light intensity comparison, respectively ( Fig. 3g) . 208
This indicates that red light and high light significantly affects photosynthesis changes between 209 dawn and dusk. When different light quality or light intensity treatments were compared to white 210 light control at dawn and dusk, "photosynthesis" term was also enriched in dark grown-vs-white 211 light ( Fig. 3c,d ) and high light-vs-white light ( Fig. 3g ) at both dawn and dusk, indicating high light 212
and dark grown strongly affect photosynthesis independent of dawn or dusk sampling. 213
Clusters of DEGs 214
To further reveal the expression patterns and functional divergence of DEGs affected by light 215 quality and light intensity, the DEGs identified from previous comparisons were then subjected to 216 a K-means clustering analysis with 20 clusters. As shown in Fig. 4 , clusters 1 and 13 showed 217 similar expression pattern with down regulation at both dawn and dusk under dark grown. The 218
DEGs in the two clusters were significantly enriched in "photosynthesis" and "thylakoid" terms. 219
Compare to cluster 13, the down-regulation of DEGs under the dark condition is stronger in cluster 220 1, which were specifically enriched in "generation of precursor metabolites and energy" term. 221
Although the DEGs in cluster 8 were also down-regulated under the dark condition, they were 222 induced under low light and high light conditions. Oppositely, the DEGs in clusters 9 and 18 were 223 up-regulated under the dark condition, and the DEGs in cluster 5 were slightly up-regulated under 224 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 Tables S4-S5). 238
Co-expression network 239
To determine the relationship of genes responsive to different light quality and light intensity 240 in CAM plant K. fedtschenkoi, we constructed a co-expression network using the DEGs identified 241 from the previous comparisons (Fig. 2) . After combining the modules with highly similar 242 expression patterns, a total of 39 co-expression modules were obtained and labelled as different 243 colors ( Fig. 5a , merged dynamic panel). The module size ranged from 121 genes (module 244 'mediumpurple3') to 1312 genes (module 'turquoise') ( Supplementary Table S6 ). The 245 multidimensional scaling (MDS) plot showed that some genes in different modules were clustered 246 together (Fig. 5b) , and the cluster and correlation analyses proved that several modules showed 247 high correlation ( Fig. 5c,d) . 248
To further explore if the modules with similar expression patterns are also conserved in function, 249
we performed a GO enrichment analysis using genes in each module. Noticeably, several modules 250 with similar expression patterns were enriched in same GO terms. For instance, the genes in 251 modules 'yellow', 'turquoise', 'purple', 'darkorange' and 'sienna3' were distributed in the right 252 bottom corner of the MDS plot and were enriched in "protein modification" terms ( Fig. 5b and 5e , 253 Supplementary Table S7 ). Closely clustered modules 'red', 'blue' and 'skyblue' were enriched in 254 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 "translation", while modules 'red', 'blue' and 'black' were enriched in "catabolic" terms. In 255 addition, modules 'black', 'pink' and 'saddlebrown' were enriched in "lipid metabolic" terms, 256
whereas three modules with relative far distributions ('darkgrey', 'darkturquoise' and 'salmon') 257 were enriched in "photosynthesis" terms. Several modules were enriched in specific biological 258 process although they had similar expression patterns with other modules. For example, module 259 'turquoise' was enriched in "cell communication" terms, although it was also enriched in "protein 260 modification" terms as were modules 'yellow ', 'purple', 'darkorange' and 'sienna3'. 261 To further understand the response of different pathways in CAM plants under various light 262 quality and light intensity treatments, we extracted sub-networks from the global co-expression 263 network. Here we selected genes related to CAM, circadian clock and stomatal movement [13] as 264 a case study to demonstrate the sub-network. In order to simplify the sub-network, we set a high 265 threshold of Pearson correlation coefficient (|PCC|>0.95 and p<0.01) to show the strong co-266 expression relationships. The genes involved in CAM, circadian clock and stomatal movement 267 pathways were highly associated and were co-expressed with numerous transcription factors (TFs) 268 ( Fig. 6) , implying the expression of CAM pathway genes may be directly or indirectly regulated 269 by circadian clock TFs. Based on the sub-network, we identified several known and novel TFs that 270 were related with these pathways. For instance, LHY1 (Kaladp0066s0115) was positively co-271 expressed with CCA1 (Kaladp0496s0018, PCC=0.995), RVE8 (Kaladp0577s0020, PCC=0.993) 272 and RVE1 (Kaladp0574s0015, PCC=0.983); and was negatively co-expressed with ELF4 273 (Kaladp0045s0206, PCC=-0.978) and LUX (Kaladp0033s0047, PCC=-0.969). Similarly, MYB96 274 (Kaladp0095s0568) and WRKY4 (Kaladp0096s0082) were positively co-expressed with CCA1 275 and RVE8 and were negatively co-expressed with LUX ( Fig. 6 and Supplementary Table S8 ). In 276 addition, several TFs not previously reported to be associated with CAM were identified in the 277
(Kaladp0515s0145), and SIG5 (Kaladp0055s0328). 281
CAM-related genes responsive to light quality and light intensity 282
To further investigate the CAM-specific response to various light quality and light intensity 283 treatments, the expression patterns of CAM-related genes were analyzed (Fig. 7) . The key genes 284 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 quality treatments ( Fig. 7 and Supplementary Table S9 ). 305
During daytime, the CO2 release from malate and refixation in K. fedtschenkoi is mediated by 306 a series of genes such as tonoplast dicarboxylate transporter (TDT), NAD(P)-malic enzyme 307
[NAD(P)-ME], and pyruvate phosphate dikinase (PPDK). As the first-step transporter for the 308 daytime reactions, TDT (Kaladp0042s0251) showed an obvious trend of up-regulation at dawn 309 and down-regulation at dusk, and its expression at dawn was stronger under red light and blue light 310 than under the white light control. In contrast, among the members of NAD-ME and NADP-ME, 311 only one NADP-ME (Kaladp0092s0166) showed similar expression patterns with TDT, but its 312 expression at dawn were low under blue light and red light. The two PPDK genes 313 (Kaladp0039s0092 and Kaladp0076s0229) were down-regulated at dusk compare to dawn under 314 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 each light condition and their expression levels were further down-regulated under blue light, red 315 light and far-red light ( Fig. 7 and Supplementary Table S9 ). In this study, we created a comprehensive light-responsive gene-expression atlas for K. 327 fedtschenkoi, which is the first genome-wide expression atlas for a CAM plant. The eFP browser 328 provides a useful web interface for easy data access, facilitating comparative and functional 329 genomics research. Furthermore, the RNA-Seq data was analyzed by pairwise comparisons 330 between different light conditions and different time points to identify DEGs in K. fedtschenkoi. 331
These DEGs were then subject to clustering and co-expression analyses. A similar approach was 332 effectively utilized to discover the regulatory networks in Brachypodium distachyon [26] , pigeon 333 pea [34], and chickpea [35] . Combined with functional analysis, such as GO enrichment analysis, 334 we found that the overlapped DEGs at dusk were mainly involved in "carbohydrate metabolic" 335 and "response to endogenous stimulus" processes, consistent with previous studies showing that 336 light quality affects the regulation of endogenous hormone stimulus such as gibberellin, auxins, 337 cytokinins and abscisic acid [3, [36] [37] [38] . 338 K. fedtschenkoi is a new model plant species for CAM functional genomics research [13, 15] . 339
In this study, we highlighted a sub-network of CAM-related genes, e.g., LHY1 was positively co-340 expressed with CCA1, RVE1 and RVE8, but it was negatively co-expressed with ELF4 and LUX 341 (Fig. 6) . In Arabidopsis, ELF4, ELF3 and LUX can form an ELF4-ELF3-LUX protein complex 342 (the evening complex), which is regulated by the light and clock [39] . MYB-related protein CCA1 343 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 and LHY1 can form homodimers and regulate the expression of evening-element-containing genes 344 [40] . There is a negative-feedback loop among these transcription factors. EFL4 and LUX are 345 required for the red-light induction of CCA1 and LHY1, whereas CCA1 and LHY1 negatively 346 regulate the expression of ELF4 [41] and LUX [42] . The co-expression relationships of these TFs 347 in K. fedtschenkoi reported here indicate that the circadian rhythm regulatory mechanism among 348 these genes are conserved in K. fedtschenkoi and Arabidopsis. 349 MYB96, a TF involved in circadian clock in Arabidopsis, was also identified in our sub-network 350 that was positively co-expressed with CCA1 and RVE8 (Fig. 6) . As a key regulator connecting 351 circadian clock and environment, MYB96 is induced by high level of ABA and can directly bind 352 to the promoter of TOC1 to active its expression. It is directly regulated by CCA1 through multiple 353 CCA1-binding sites (CBS: AAAATCT) and evening elements (EE: AAATATCT). Interestingly, 354 CCA1 bind to the promoter of MYB96 at dawn but not at dusk [43, 44] . These findings suggest 355 that our constructed co-expression network is reliable for conserved light-responsive regulator 356 identification. 357
Several transcription factors with unknown CAM function were identified in the K. 358 fedtschenkoi co-expression network. These transcription factors potentially represent novel 359 regulatory mechanisms. As shown in Fig. 6, WRKY4 was positively co-expressed with CCA1 and 360 RVE8, but negatively co-expressed with LUX. Although there is no direct evidence for the 361 involvement of WRKY4 gene in circadian rhythm, its homolog in tomato is up-regulated at eight 362 hours after dawn, presumptive dusk and four hours after dusk in comparison with presumptive 363 dawn in long day condition [45] . Furthermore, some abscisic acid and light signaling-related genes 364 were identified in our CAM gene-enriched sub-network, e.g., ZINC FINGER PROTEINS (ZFP4 365 and ZFP7), SIGMA FACTORS (SIG1, SIG4 and SIG5) 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 by COP1 through its E3 ubiquitin ligase activity in darkness and promotes photomorphogenesis 374 by activating HY5 in the light [51] . Our results provide a powerful resource for novel light-375 responsive regulator identification. 376
In conclusion, the comprehensive light-responsive gene expression atlas of K. fedtschenkoi 377 provides a novel genomics resource for investigating the molecular mechanism underlying the 378 light regulation in CAM plants. The genome-wide co-expression network lays a solid foundation 379 for discovering novel gene function in CAM plants. experiments were grown under the indicated conditions for 48 h prior to any tissue collection. All 397 photon flux density measurements described above were taken at leaf level of the apical meristem 398 as these leaves were closest to the light source. 399 400   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 Fully-expanded leaves (i.e., leaf pair 4-5 counting from the top of the plants) were collected 401 from three biological replicates of plants grown under each of the light quality and light intensity 402 experimental conditions. Each sample was collected at both dawn (2 h before the starting of 403 lighting period) and dusk (2 h before the dark period) time points, wrapped in aluminum foil, 404 immediately frozen in liquid nitrogen, and stored at -80C until processing. For RNA isolation, 405 frozen leaf tissue samples were ground to a fine powder under liquid nitrogen with a mortar and 406 pestle. Isolation of total RNA then proceeded by using the QIAGEN RNeasy ® Plant Mini Kit (Cat 407 No. 74904, Qiagen Inc., Valencia, CA, USA) with the following modifications: 600 mg of frozen 408 ground tissue from each sample was mixed thoroughly with 2.57 ml of Fruit Mate™ (TaKaRa Bio 409 USA, Inc., Mountain View, CA). The resulting suspension was centrifuged at 14,000 × g at 4C 410
Tissue Collection and RNA Isolation
for 5 min. The supernatant was then mixed with 1.8 ml of QIAGEN buffer RLT/2-mercaptoethanol 411 mix. This solution was centrifuged at 14,000 × g at 25C for 1 min. The supernatant was then 412 mixed with 0.5 volumes of 100% ethanol and remaining steps were performed according to kit 413 instructions. On-column DNase digestions were performed for all samples according to RNeasy ® 414 kit instructions with the QIAGEN RNase-Free DNase Set (Cat No. 79254). Final RNA elution was 415 performed with 50 l of RNase free water which was run through the column twice. RNA purity 416 and approximate quantity was assessed with a Thermo Scientific™ NanoDrop 2000c 417 spectrophotometer and precise quantity assessed with Quant-iT TM RiboGreen ® fluorescence 418 (Thermo Scientific, Rockford, IL). RNA integrity was evaluated on a 1% (w/v) agarose gel using 419 300 ng RNA. 420
cDNA Library construction and RNA-seq 421
Stranded RNA-seq libraries were generated and quantified using qPCR. Sequencing was 422 performed on an Illumina HiSeq 2500 (150 mer paired end sequencing). Raw fastq file reads were 423 filtered and trimmed using the QC pipeline in the US Department of Energy Joint Genome Institute 424 (JGI). 425
Reads mapping and data analysis 426
After filtering out low-quality reads, RNA-seq reads from each library were aligned to the 427
Kalanchoë fedtschenkoi reference genome [13] using TopHat2 [52] . FeatureCounts [53] was used 428 to generate raw gene counts and only reads that mapped uniquely to one locus were counted. Gene 429 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 expression was estimated as transcripts per million (TPM) [54] . DESeq2 (v1.2.10) [55] was 430 subsequently used to determine which genes were differentially expressed between pairs of 431 conditions. The parameters used to "call a gene" between conditions was determined at a false 432 discovery rate (FDR) adjusted p-value<0.05. 433
Kalanchoë light-responsive eFP browser 434 TPM-normalized values of the RNA-Seq data sets were uploaded into the Kalanchoë eFP 435 browser of the Bio-Analytic Resource (BAR). Representative images of Kalanchoë leaf under 436 different light condition were created and an XML file was generated to power a view within the 437
Kalanchoë eFP browser at http://bar.utoronto.ca/~asher/efp_kalanchoe/cgi-bin/efpWeb.cgi. 438
K-means clustering and Co-expression analysis 439
Cluster analysis of gene expression patterns was performed according to K-means method in R 440 software. For co-expression analysis, the log2 normalized TPM values of all the samples were 441 used to construct a weighted gene co-expression network using the R package WGCNA [56] . Gene 442 Ontology (GO) enrichment analysis was applied to predict gene function and calculate the 443 functional category using BiNGO [57] . Heatmap and bubble plots were generated by the R 444 package ggplot2. All tools were run with default parameters. 445
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